was greatly enhanced by pretreatment of the substrate with supercritical ammonia. Relative to C. thermoceilum monocultures, cocultures of C. thermocellum and Thermoanaerobacter strain B6A degraded 1.5-fold more pretreated soft maple but produced 2-to 5-fold more fermentation endproducts because Thermoanaerobacter sp. removed reducing sugars produced by C. thermocellum during the fermentation. Dry weight losses were not totally accounted for in end products, due to formation of partially degraded material (<0.4 pm diameter wood particles) during the fermentation. One pretreated hardwood, Southern red oak, was fermented poorly because it released soluble inhibitors at the 60°C incubation temperature. Considerable (6-to 11-fold) increases in substrate degradability were also noted for supercritical ammonia-pretreated wood materials fermented in an in vitro rumen digestibility assay. Degradation of pretreated softwoods by either thermophilic or mesophilic fermentation was not measurable under the conditions tested.
Wood materials represent a tremendous amount of biomass which is underused in the industrial production of fuels and chemicals (2, 13) or in feed for ruminant animals (9, 10) . One of the primary factors responsible for this underuse is the general recalcitrance of the lignocellulosic complex to microbial or enzymatic attack, with the resulting requirement for physical or chemical pretreatments to render the substrate more biodegradable (2, 13) . Most pretreatments have one or more of the following disadvantages: (i) excessive consumption of pretreatment reactant or difficulty of economical recovery and recycling of the reactant; (ii) extensive degradation of the substrate to a nonutilizable form; (iii) presence of residual pretreatment reactant in the substrate in amounts which inhibit further substrate biodegradability; or (iv) consumption of excessive amounts of process energy (2, 13) .
Recently, Chou (Y.-C. T. Chou, Biotechnol. Bioeng. Symp. Ser., in press) has described an effective pretreatment process which involves the exposure of wood materials to ammonia near or above its critical temperature and pressure (at which the ammonia possesses properties intermediate between that of a liquid and that of a gas), followed by the removal of the ammonia via pressure release and volatilization. This procedure has been shown to enhance dramatically the susceptibility of hardwood material to enzymatic attack by Trichoderma reesei cellulase and offers a number of process advantages, including virtually total recovery of ammonia and total retention of wood carbohydrate in a utilizable form. (Chou, in press). We report here that hardwood pretreated with supercritical ammonia is also rendered much more degradable by anaerobic fermentation, by using a thermophilic system of pure or mixed cultures containing * Corresponding author. the cellulolytic bacterium Clostridium thermocellum or using an in vitro dry matter digestibility assay system with (mesophilic) ruminal bacteria.
MATERIALS AND METHODS
Substrates. The wood samples used in this study were obtained from commercial sawmills and included white birch (Betula alba), aspen (Populus tremuloides), soft maple (Acer sp.; exact species not specified), Southern red oak (Quercus rubra), and Douglas fir (Pseudotsuga taxifolia). All were air dried, ground in a Wiley mill, and sieved to a -12 mesh (particle size, c 1.70 mm). Ammonia pretreatments near or above the critical temperature (132.4°C) or critical pressure (11.28 MPa) of ammonia or both were carried out as described previously (Chou, in press). No significant (>1%) loss of wood sample mass occurred during pretreatment because no residual liquid, which could have removed solubilized wood products, remained after the reaction. Pretreated woods were removed from the reactor by careful scraping with a spatula and were allowed to stand overnight in a fume hood (to volatilize residual ammonia) before being used as fermentation substrates. All weights were corrected for measured moisture contents of 6.2 to 8.4%. Depending on the sample, 5 to 58% of sample mass was contained in particles >420 p,m wide (+40 mesh), and 91 to 95% was contained in particles >250 ,um wide (+60 mesh).
Sigmacell 50 microcrystalline cellulose and larchwood xylan (actually an arabinoxylan [16] ) were obtained from Sigma Chemical Co., St. Louis, Mo.
Thermophilic bacteria and culture conditions. Clostridium thermocellum ATCC 27405 inocula were cultivated in crimpsealed 158-ml serum vials that contained 10 to 50 ml of GS2 medium (5) supplemented with cellulose or wood (as indicated below), and reduced with 0.05% (wt/vol) L-cysteine hydrochloride and 0.05% (wt/vol) Na2S 9H20. N2 was used as the gas phase. Thermoanaerobacter sp. strain B6A (17) was cultivated similarly, except that arabinoxylan was used as carbohydrate growth substrate and reducing agents were omitted from the medium. Cultures were incubated at 60°C in an upright position without shaking. Fermentation experiments with thermophilic anaerobes were performed in a similar fashion, with concentrations of wood or cellulose at 0.6 to 2.0% (wt/vol). Depending on the experiment, the solid substrates were either autoclaved for 15 min at 0.10 MPa in the culture vessels or were not sterilized before culture medium was added. Unless otherwise indicated, culture pH was not controlled during the experiments due to the difficulty of continuously adding soluble pH control agents to these small-scale batch cultures and because insoluble pH control agents such as CaCO3 interfered with gravimetric determination of residual substrate. Experiments were initiated by the inoculation of each culture in amounts of 4%. After 7 to 10 days of incubation, bottles were cooled to room temperature, and culture gas phases were analyzed for H2 and CO2 (15) . Liquid samples (1.3 ml) were withdrawn via syringe and centrifuged for 2 min at maximum speed in a microcentrifuge (model B; Beckman Instruments, Inc., Fullerton, Calif.). The supernatant was analyzed for ethanol, acetic acid, and lactic acid by gas chromatography (15) ; for residual reducing sugars by the dinitrosalicylic acid method (8); and for pH. To determine the amount of residual substrate in the culture bottles, formic acid (final concentration, 10% [vol/vol]) was added to each culture, which was then filtered through preweighed polycarbonate membranes (pore size, 0.4 pLm) and dried to a constant weight. Quantities of substrate consumed or product formed were corrected for amounts produced in control cultures which lacked either inoculum or substrate, respectively. Dry matter digestibility. An in vitro assay with mixed rumen microflora was used to determine the dry matter digestibility of biomass substrates. The rumen inoculum was collected from a fistulated Holstein cow maintained on a mixed (pasture and hay) diet at New Bolton Center, University of Pennsylvania. Inoculum preparation and fermentation conditions were those of Mellenberger et al. (7) , except that (i) culture tubes were vented (but not regassed) at 14-to 24-h intervals to release the large amounts of fermentation gases produced and (ii) the total incubation time was 94 h rather than 96 h. untreated hardwoods exhibited dry weight losses of only 0 to 10%. The preferred order of pretreated substrate utilization was white birch > soft maple 2 aspen > Southern red oak. The degradability of pretreated white birch was not enhanced by autoclaving of the substrate before inoculation; the effect of autoclaving on other woods was not tested. Douglas fir, a softwood, was not significantly degraded even after supercritical ammonia pretreatment. Untreated microcrystalline cellulose, used as a positive control, was extensively degraded in all experiments.
The poor fermentability of supercritical ammoniapretreated Southern red oak was traced to the release of inhibitory substances upon incubation (60°C) of unwashed, pretreated substrate in filter-sterilized culture medium. Deeply claret-colored filtrates, obtained from the above incubations in the absence of an inoculum, strongly inhibited the fermentation of pure cellulose by C. thermocellum. Filtrates from incubation of the pretreated red oak in filtersterilized media at 25°C were light tan in color and did not inhibit the C. thermocellum cellulose fermentation.
Mass balances of thermophilic fermentations. To obtain a Tables 2 and 3 ). For example, in fermentations with 4% (wt/vol) nonautoclaved substrate, cocultures produced similar amounts of ethanol (-0.7%) and acetate (-0.3%) from either cellulose or supercritical ammonia-pretreated soft maple (Table 3) . In this experiment, maximal product formation was limited not by substrate availability but by the sensitivity of these wild-type strains to the combined effects of ethanol and low pH. As in other experiments, product formation was greater in cocultures than in monocultures, and untreated wood was not significantly degraded.
Mesophilic fermentation. In the standard in vitro rumen assay system, less than 8% of the untreated hardwood bNT, not tested. material was digested by the rumen microflora (Table 4) . Digestibility increased to a total of 39 to 46% in substrates that had been pretreated with supercritical ammonia, representing a 6-to 11-fold increase in the amount of substrate removed. Pretreatment of Southern red oak with nearcritical ammonia (viz., ammonia above its critical temperature but below its critical pressure) also enhanced substrate digestibility but to a significantly lesser extent than did supercritical ammonia pretreatment. Digestibility of other hardwoods subjected to pretreatment with near-critical ammonia was not examined. Digestibility of Douglas fir, the only softwood tested, was not significantly enhanced by supercritical ammonia pretreatment.
DISCUSSION
While ammonia has been widely proposed as a chemical pretreatment for enhancing the degradability of biomass, most such work has been done with more easily degraded nonwood materials (e.g., alfalfa) as substrates (3, 4, 6, 14) . In the few studies specifically directed toward ammonia pretreatment of wood, moderate temperatures and pressures were used to obtain modest improvements in digestibility (7, (9) (10) (11) By contrast, the supercritical ammonia process did not appear to enhance the degradability of softwood (Douglas fir) by either the mesophilic or thermophilic anaerobic bacteria. These data contrast with those of Chou (in press), who demonstrated a slight improvement in softwood degradability by T. reesei cellulase upon pretreatment with supercritical ammonia. This disparity can be reconciled by comparing the methods used to measure substrate degradability. Chou used high-pressure liquid chromatography to detect small amounts of sugars released by enzymatic hydrolysis, while we used dry weight loss measurements, which are useful for quantitating moderate degradabilities but are inadequate for detecting small improvements in degradability, owing to difficulties associated with measuring small differences between large numbers. The relative ineffectiveness of the ammonia pretreatment on softwoods is apparently due to an inability of the pretreatment to open the pores sufficiently for extensive penetration of cellulase enzymes: although the pretreatment results in the same physical and chemical effects observed upon pretreatment of hardwoods, the pores of the softwood (viz., Douglas fir) remain below 3.5 nm in width (Weimer et al., in press ). This value is below the estimated size (4 to 7 nm) of the cellulases of C. thermocellum (18) and most other cellulolytic microorganisms (1) .
Regardless of the mechanisms involved, the supercritical ammonia method represents a viable pretreatment process to enhance the biodegradability of hardwood biomass by either whole cultures or cellulase enzymes. The method displays important process advantages including (i) retention of essentially the complete complement of wood carbohydrate; (ii) facile, inexpensive recovery of the reactant; and (iii) utilizability of pretreated substrate either without cleanup or, in some cases, with only warm aqueous washing to remove soluble inhibitors.
